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OBESITY IS A RISK FACTOR for asthma. Multiple cross-sectional studies in large populations of adults and children of multiple ethnic backgrounds indicate that the prevalence of asthma is higher in obese and overweight individuals. In addition, several large prospective studies show that obesity antedates asthma (see recent reviews in Refs. 16, 61, and 63) . Obese asthmatic patients who lose weight experience fewer asthma symptoms, increased airflow rates, reduced peak flow variability, and better asthma control (21, 43, 68) . Obesity also appears to impact asthma control and the efficacy of certain asthma medications (13, 36, 51, 55) .
Data from animal models also support a relationship between obesity and asthma. Obese mice exhibit airway hyperresponsiveness (AHR), a characteristic feature of asthma, even in the absence of any inciting exposure (31, 32, 34, 41, 54, 66) . This innate AHR is observed in ob/ob and db/db mice that are obese because of a genetic deficiency in either the satiety hormone, leptin, or its receptor; in Cpe fat mice that are obese because of a genetic deficiency in carboxypeptidase E (Cpe), an enzyme involved in processing neuropeptides involved in eating behaviors; and in mice with obesity induced by a high-fat diet (31, 32, 41, 62, 66) . Obese mice have another feature consistent with asthma-exaggerated pulmonary inflammatory responses following exposure to ozone (O 3 ), a common air pollutant (32, 41, 62, 66) . Exaggerated responses to O 3 are also observed in obese human subjects (1, 3) . Increased O 3 -induced inflammation is observed in ob/ob, db/ db, and Cpe fat mice and in mice with dietary obesity (31, 32, 41, 66) . While these mice are markedly obese, they are also diabetic: fasting hyperglycemia is a feature of each of these models, although the magnitude of hyperglycemia varies with the modality of obesity (8, 37, 48, 59) . It is conceivable that this hyperglycemia contributes to the proasthmatic phenotype of the obese mouse. Oxidative stress, which can be a consequence of hyperglycemia, contributes to many aspects of the obese phenotype (26, 58) , and oxidative stress has also been linked to asthma (35) . In addition, a recent report indicates a higher prevalence of insulin resistance among obese asthmatic patients versus obese nonasthmatic patients, suggesting that insulin resistance may contribute to this phenotype (2) .
The biguanide metformin is an oral insulin-sensitizing agent commonly used in the treatment of type 2 diabetes. Treatment with metformin also ameliorates the diabetic phenotype of obese mice, reducing fasting glucose and attenuating the expression of gluconeogenic enzymes in liver (7, 17, 18, 23, 39, 70) . In human subjects, metformin also attenuates aspects of the systemic inflammation that is associated with obesity (4, 10 -12, 20) . The purpose of the present study was to determine whether hyperglycemia contributes to the pulmonary phenotype of obese mice. Accordingly, we treated lean wild-type and obese db/db mice orally with either water or metformin every day for 2 wk. Two cohorts of metformin-and water-treated mice were used. In one cohort, airway responsiveness was assessed 24 h after the last treatment to determine whether metformin could attenuate the innate AHR of db/db mice. In the other cohort, 24 after the last metformin or water treatment, mice were exposed acutely to O 3 [2 parts per million (ppm) for 3 h] and the ensuing inflammatory response was examined.
MATERIALS AND METHODS
Animals. This study was approved by the Harvard Medical Area Standing Committee on Animals. Obese female db/db and ob/ob mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Because these mice were on a C57BL/6J background, wild-type, age-matched, and sex-matched C57BL/6J mice were used as controls. Both types of mice are hyperphagic, hypometabolic, hyperinsulinemic, hyperglycemic, and massively obese (37) . To confirm the efficacy of the metformin treatment on serum glucose, we used both ob/ob and db/db mice. For all other experiments, we used db/db mice only.
Protocol. Obese and lean mice were administered either water or metformin (300 g/g) by gavage daily for 2 wk. Others have reported reductions in fasting blood glucose in db/db mice with a similar treatment protocol (17, 18) . Three cohorts were used. In one cohort, after the last treatment, ob/ob and db/db mice were fasted overnight for the measurement of fasting blood glucose using the Prestige Smart System IQ blood glucose meter (Home Diagnostics, Fort Lauderdale, FL) (4 metformin-and 4 water-treated mice). In the second cohort, 24 h after the last treatment, mice were anesthetized for the measurement of airway responsiveness, followed by collection of serum for assessment of systemic inflammation (n ϭ 6 -8 mice per group). Note that we were unable to catheterize the vein for delivery of methacholine in one mouse, but we still collected a blood sample via cardiac puncture in this mouse. In the last cohort, mice were exposed to O 3 (2 ppm for 3 h) 24 h after the last gavage treatment. Four hours after exposure, the mice were euthanized, and bronchoalveolar lavage (BAL) was performed (n ϭ 5-6 mice/group).
O3 exposure. Awake mice were placed unrestrained in individual wire mesh cages inside a stainless steel and plexiglass exposure chamber and exposed to O3 (2 ppm for 3 h) as previously described (29, 66) . The O3 exposure protocol was chosen to allow for comparison with data of other investigators studying acute O3-induced inflammation in mice (5, 6, 25, 27, 49, 56, 72) , including db/db mice (41). This concentration is higher than typical concentrations used for human exposures. However, the inhaled dose of O3 is the product not only of ozone concentration and exposure time, but also minute ventilation (75) . Human exposures are typically carried out with subjects exercising to increase their minute ventilation (3). In contrast, mice undergo a profound decrease in metabolism upon O3 exposure, and at 2 ppm O3, their minute ventilation decreases to values only one third of those measured before exposure (64) . Hence, while concentrations used for human and mouse studies may differ substantially, the actual inhaled dose of ozone is likely much more comparable.
Pulmonary mechanics. Unexposed mice were anesthetized with xylazine (7 mg/kg) and pentobarbital sodium (50 mg/kg). The trachea was cannulated with a tubing adaptor, and the tail vein was cannulated for the delivery of acetyl-␤-methylcholine chloride (methacholine; Sigma-Aldrich, St. Louis, MO). The mice were ventilated with a specialized ventilator (flexiVent; SCIREQ, Montreal, QC, Canada). Frequency was set at 150 Hz and 180 Hz in wild-type and db/db mice, respectively. The slightly higher frequency used for the db/db mice was chosen because these mice breathe spontaneously at a higher frequency, but with approximately the same tidal volume as wild-type mice (41) . Hence, tidal volume was set at 0.3 ml in both strains. A large window was made on each side of the chest wall by cutting away part of some ribs and the tissue between them. Thus the lungs were mostly exposed to atmospheric pressure, and the measurements made reduced any chest wall contribution to pulmonary mechanics. A positive end-expiratory pressure of 3 cmH2O was applied by placing the expiratory line under water.
Baseline pulmonary mechanics and responses to intravenous methacholine were measured using the forced oscillation technique, as previously described (32, 33, 41, 54, 66) . Briefly, the lungs were first inflated to three times tidal volume to establish a standard volume history. One minute later, a bolus of PBS (1 l/g) was administered via the tail vein over 4 -5 s, and pulmonary resistance (RL) was measured with a sinusoidal forcing function at a frequency of 2.5 Hz every 8th breath for the next minute, until RL peaked and began to decline. As soon as RL had peaked, measurements of lung impedance (ZL) were obtained by using forced oscillation with a sinusoidal forcing function containing frequencies ranging from 0.25 to 19.63 Hz. The mouse was then given another inflation to three times tidal volume. The procedure was repeated using doses of methacholine chloride dissolved in PBS increasing in half-log intervals from 0.03 to 1.0 mg/ml at a dose of 1 l/g. Because both the airways and the lung tissues can contribute to R L, we used measurements of ZL to obtain airway resistance (Raw), and the coefficients of lung tissue damping (G) and lung tissue elastance (H) (32, 54) . At very low frequencies, Z L primarily reflects the lung tissue, whereas at high frequencies, the contribution from the tissues becomes negligible and airway resistance dominates (50) . A parameter estimation model (22) was used to partition Z L into components representing airway resistance Raw, G, and H as described below:
We and others have reported that real and imaginary parts of ZL as a function of frequency conform well to this model within this frequency range (24, 53, 54) .
Bronchoalveolar lavage. Four hours after cessation of O 3 exposure, mice were euthanized with an overdose of pentobarbital sodium. The trachea was cannulated, and the lungs were lavaged twice with 1 ml PBS/0.6 mM EDTA. The BAL was centrifuged, and total BAL cells and differentials were assessed as previously described (28 -30, 32) . The BAL supernatant was frozen at Ϫ80°C and subsequently analyzed for keratinocyte-derived chemokine (KC), macrophage inflammatory protein 2 (MIP-2), interferon-inducible protein 10 (IP-10), LPS-induced C-X-C chemokine (LIX), and monocyte chemoattractant protein 1 (MCP-1), using DuoSet enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN). These neutrophil chemotactic factors were chosen because they are characteristically induced by acute O 3 exposure and because they have been reported to contribute to the neutrophil influx that accompanies acute O 3 exposure in mice (14, 29, 32, 33, 41, 45, 66, 71) . Importantly, in the presence of hyperglycemia, other acute inflammatory stimuli also result in greater induction of many of these chemokines (19) .
Markers of systemic inflammation. Blood samples were obtained by cardiac puncture, serum isolated, and stored at Ϫ20°C until assayed by ELISA for MCP-1, leptin, and adiponectin (R&D Systems). Since O 3 exposure per se may alter these factors, assays were performed only on serum of mice used in the mechanics studies.
Statistical analysis. Differences in body weight, R L, Raw, G, H, and BAL parameters and in serum markers of inflammation were assessed by factorial ANOVA using genotype and drug treatment as main effects. In each case, the Fishers least significant difference test was used for post hoc comparisons. Comparisons of serum glucose were made by unpaired Student's t-tests. Statistical analyses were carried out with SAS software (SAS Institute, Cary, NC). All results are presented as means Ϯ SE unless otherwise indicated. P Ͻ 0.05 was considered statistically significant.
RESULTS

Body mass and fasting blood glucose.
The db/db mice were extremely obese, with body mass averaging more than twice that of wild-type mice (Table 1) . During the 2-wk period during which mice were treated with either water or metformin, factorial ANOVA indicated a significant effect of mouse strain on weight gain: db/db mice gained 1.1 Ϯ 0.3 g, whereas there was no significant increase in body weight in wild-type mice (0.17 Ϯ 0.11 g)(P Ͻ 0.05). Compared with water, treatment with metformin had no significant effect on weight gain in either wild-type or db/db mice, consistent with other reports (39, 70) .
To confirm the efficacy of the metformin treatment, db/db and ob/ob mice treated with metformin or water were fasted overnight. The obese mice used in the present study exhibited marked fasting hyperglycemia, consistent with results of previous investigators (37, 59) . Fasting serum glucose averaged 273 Ϯ 34 mg/dl in mice treated with water and was significantly reduced to 190 Ϯ 23 mg/dl in mice treated with metformin. Using an estimate of 100 mg/dl for normal fasting glucose, this effect of metformin represents an approximate 50% reduction in the hyperglycemia of these mice.
We also measured glucose in the serum of the mice used for the ozone part of the study. These mice were not fasted and had access to food and water from the time they were removed from the ozone chamber until 4 h later when they were studied. In the wild-type mice, serum glucose averaged 185 Ϯ 15 and 155 Ϯ 18 mg/dl in the water-and metformin-treated groups, respectively (not significant). In db/db mice, serum glucose averaged 473 Ϯ 63 and 337 Ϯ 9 mg/dl (P Ͻ 0.03) in the waterand metformin-treated mice, respectively (again, an approximate 50% reduction in glucose compared with the values observed in wild-type mice). The data indicate that in db/db mice, metformin was effective in reducing glucose in both the fasting and nonfasting states.
Pulmonary mechanics and responsiveness to methacholine. Factorial ANOVA indicated a significant effect of genotype (P Ͻ 0.01) on R L, G, and H, but not Raw measured before treatment with methacholine. R L , G, and H were each higher in db/db than wild-type mice (Table 1) , consistent with the smaller lung size of db/db mice (41). However, there was no effect of metformin treatment and no interaction between genotype and metformin treatment on any of these indices of lung mechanics.
Measurements of airway responsiveness to methacholine were made in mice not exposed to O 3 and are shown in Fig. 1 . Methacholine caused much more substantial increases in R L in db/db than in wild-type mice (Fig. 1A) . The locus of this augmented effect of methacholine in db/db mice is likely to be the airways rather than the lung tissues: there was an approximate 10-fold increase in Raw following administration of the highest concentration of methacholine in db/db mice (Fig. 1B) , whereas G increased only minimally (Fig. 1C) . The parameter G is related to the resistance of the lung tissues, although inhomogeneous airway constriction can impact the measurement of G without any actual change in the properties of the lung tissue (42) and may account for the small changes in G observed (Fig. 1C) . There was no methacholine-induced change in H (data not shown), consistent with previous reports in both wild-type and obese mice (31, 32, 54) and indicating that the elastance of the lung tissue is not affected by methacholine in mice of either genotype. The innate AHR observed in ob/ob mice, Cpe fat mice, and mice with diet-induced obesity is also the result of enhanced airway rather than tissue responses (31, 32, 66) .
Metformin had no effect on methacholine-induced changes in pulmonary mechanics in either db/db or wild-type mice. Factorial ANOVA indicated significant effects of genotype (P Ͻ 0.05) at each dose of methacholine for R L , Raw, and G, but no effect of drug treatment and no interaction between drug treatment and genotype.
Effect of metformin on O 3 -induced pulmonary inflammation. Factorial ANOVA indicated a significant effect of strain (P Ͻ 0.005) on BAL neutrophils: regardless of drug treatment, BAL Fig. 1 . Changes in total pulmonary resistance (RL) (A), airway resistance (Raw) (B), and the coefficient of lung tissue damping (G) (C) induced by intravenous methacholine in wild-type (WT) and db/db mice. Mice were treated by gavage with water or metformin once per day for 2 wk. Measurements were made 24 h after the last treatment. Results are means Ϯ SE of data from 6 -7 mice in each group. *P Ͻ 0.05 vs. WT mice in the same treatment group. neutrophils were higher in db/db than in wild-type mice exposed to O 3 (Fig. 2) . (Note that neutrophils were virtually absent from the BAL of wild-type and db/db mice that were used in the mechanics study and not exposed to O 3 .) There was a trend toward increased BAL neutrophils in lungs of metformin-versus water-treated mice regardless of strain, but this did not reach statistical significance (P ϭ 0.09). There were no significant strain or treatment effects on any other BAL cell type.
We also measured BAL concentrations of chemokines that are induced by O 3 and have chemotactic activity for neutrophils (Fig. 2) . Hyperglycemia has been shown to impact the induction of many of these chemokines that occurs in response to other inflammatory stimuli (19, 40) . Factorial ANOVA indicated a significant effect of strain on BAL MIP-2, KC, MCP-1, LIX, and IP-10 (P Ͻ 0.05 in each case). In each case, chemokine levels were higher in db/db than in wild-type mice, as previously reported (41) . There was no effect of drug treatment on any of these BAL chemokines except for LIX (P Ͻ 0.02); there were significantly greater levels of LIX in BAL of metformin-versus water-treated mice regardless of strain. A similar trend toward increased levels of KC in metformin-versus water-treated mice was observed, but this did not reach statistical significance.
Effect of metformin on serum markers of inflammation. Factorial ANOVA indicated a significant effect of genotype on serum MCP-1, serum leptin, and serum adiponectin (P Ͻ 0.01 in each case). Compared with lean wild-type mice, serum MCP-1 and serum leptin were both elevated, whereas serum adiponectin was reduced in db/db mice (Fig. 3) . There was no significant effect of drug treatment on either serum MCP-1 or serum leptin (Fig. 3, A and B) . In contrast, treatment with metformin caused a significant increase in serum adiponectin in wild-type but not in db/db mice (Fig. 3C ).
DISCUSSION
Our data indicate that 2 wk of daily treatment with metformin attenuates hyperglycemia in obese mice without altering either their innate AHR or their increased pulmonary inflammatory responses to O 3 . The data indicate that the pulmonary phenotype of these obese mice is likely unrelated to their hyperglycemia.
We have previously reported that compared with lean controls, obese mice have increased airway responsiveness, even in the absence of any type of exposure that can cause AHR (31, 32, 34, 41, 54, 66) . Although the epithelium has the ability to modify airway responsiveness to inhaled bronchoconstrictors (65) , it is unlikely that differences in the epithelium contribute to the innate AHR observed in obese mice, since methacholine was delivered intravenously. Instead, other factors may contribute, as previously described (62) . In the present study, we sought to determine whether one of these factors, hyperglycemia, may account for this phenomenon. Innate AHR is a feature of each type of murine obesity we have examined (31, 32, 34, 41, 54, 66) , and in each of the models, hyperglycemia is also observed (62) . Importantly, hyperglycemia can cause inflammation and oxidative stress, conditions that have been Fig. 2 . Bronchoalveolar lavage neutrophils (A), keratinocyte-derived chemokines (KC) (B), macrophage inflammatory protein 2 (MIP-2) (C), LPS-induced C-X-C chemokine (LIX) (D), interferon-inducible protein 10 (IP-10) (E), and monocyte chemoattractant protein 1 (MCP-1) (F) in WT and db/db mice exposed to O3 (2 parts per million for 3 h). Mice were studied 4 h after cessation of O3 exposure and were treated by gavage with either water or metformin every day for 2 wk before exposure. Results are means Ϯ SE of data from 5-6 mice per group. *P Ͻ 0.05 vs. WT mice with the same drug treatment. associated with asthma (35) . For example, high glucose acts directly on endothelial cells to increase endothelial permeability and increase leukocyte adhesion (57) . Acute glucose challenge stimulates monocytes to increase expression of proinflammatory cytokines and chemokines (60) and stimulates release of reactive oxygen species (ROS) from leukocytes (46) . Induction of ROS is also enhanced in leukocytes from Akita mice, which are hyperglycemic but are not obese (19) . In addition, a recent report indicates a higher prevalence of insulin resistance among obese asthmatic patients than in obese nonasthmatic patients, suggesting that insulin resistance may contribute to this phenotype (2) . Interestingly, there is an inverse association between type 1 diabetes and asthma: the prevalence of type 1 diabetes is lower among asthmatic patients than in nonasthmatic patients (44, 73, 74) . However, this association is unlikely to be related to issues of blood glucose, since similar inverse associations are observed with asthma and other autoimmune diseases (73) . Instead, the inverse association between asthma and type 1 diabetes is consistent with the Th1/Th2 polarization concept wherein the presence of asthma, a Th2 disease, mitigates the likelihood of developing type 1 diabetes, a Th1-mediated disease.
To assess the potential role of hyperglycemia, we treated db/db mice with the antihyperglycemic agent metformin. Metformin caused a marked reduction in fasting blood glucose, consistent with previous studies in obese mice treated in a similar manner (17, 18, 70) . Metformin also reduced serum glucose in nonfasting db/db mice, although glucose remained well above wild-type values. The ability of metformin to reduce blood glucose derives from its ability to increase glucose uptake in skeletal muscle (47) and to reduce hepatic gluconeogenesis (69) . These actions appear to be mediated via changes in insulin sensitivity (7) induced by activation of AMP-activated protein kinase (AMPK), a cellular sensor of energy status (76) .
Consistent with previous reports (41), we observed greater airway responsiveness to intravenous methacholine in obese db/db versus lean wild-type mice (Fig. 1) . However, even though metformin substantially reduced fasting hyperglycemia in these mice, it did not alter their innate AHR (Fig. 1) . The results suggest that some aspect of the phenotype of these obese mice other than hyperglycemia accounts for their AHR, although it is conceivable that even moderate increases in blood glucose, such as remained in the fasted db/db mice treated with metformin, may contribute to AHR.
We have also reported that obese mice, regardless of the cause of their obesity, have increased pulmonary inflammation following acute exposure to O 3. For example, higher levels of cytokines and chemokines that are typically induced by O 3 are found in BAL fluid of obese compared with lean mice (31, 32, 41, 66). As described above, these obese mice are also hyperglycemic. Hyperglycemia leads to increased induction of proinflammatory cytokines and chemokines following another type of acute inflammatory stimulus, intraperitoneal injection of zymosan (19) . Hyperglycemia induced by glucose infusion also results in oxidative stress in the liver and in increased inflammatory cytokine concentrations in blood of mice challenged with a low dose of endotoxin (40) . Hence, to determine whether hyperglycemia could be responsible for the augmented inflammatory response of db/db mice to O 3, we treated mice with metformin before O 3 exposure to reduce hyperglycemia. Consistent with previous reports, O 3 -induced inflammation was augmented in db/db mice: the numbers of neutrophils and the concentrations of BAL KC, MIP-2, LIX, MCP-1, and IP-10 were all increased in db/db versus wild-type mice (Fig. 2) . However, metformin did not reduce any of these indices of inflammation. Since hyperglycemia was reduced but not abolished in these metformin-treated mice, we cannot rule out the possibility that serum glucose remained above levels that may affect inflammatory responses to O 3 or that reductions in glucose of longer duration may have been effective. However, we think this unlikely, since the trend for inflammatory response was toward increased, not decreased, inflammation in the metformin-treated mice ( Fig. 2A) .
Others have reported effects of metformin on some aspects of the systemic inflammation associated with human obesity. For example, treatment with metformin has been shown to reduce serum migration inhibitor factor, C-reactive protein, soluble E-selectin, and plasminogen activator inhibitor-1 concentrations in obese diabetic subjects (4, 10, 11, 20) . Metformin also reduces C-reactive protein and soluble VCAM-1 concentrations in serum of women with polycystic ovary disease (12) . Consequently, we examined the effect of metformin on serum MCP-1, a marker of systemic inflammation that is elevated in db/db mice (41). Since our previous data have indicated that the adipose-derived hormones leptin and adi- ponectin may also play a role in the pulmonary phenotype of obese mice (41, 66, 67) , we also examined the effect of metformin treatment on these hormones. Consistent with previous reports (41) , serum MCP-1 and leptin were elevated and serum adiponectin was reduced in db/db mice compared with wild-type controls (Fig. 3) . Metformin had no effect on any of these outcome indicators in db/db mice, but it caused a significant increase in adiponectin in wild-type mice (Fig. 3) . The lack of effect of metformin on serum adiponectin in db/db mice is consistent with previous reports both in these and other types of obese diabetic mice and in obese diabetic patients (9, 15, 17, 52) and suggests that metformin is unlikely to mediate its antihyperglycemic effects by inducing this insulin-sensitizing hormone. However, the metformin-induced increase in serum adiponectin in wild-type mice suggests that metformin can alter adiponectin expression and/or release from adipose tissue under some circumstances. Indeed, another AMPK-activating agent, 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR), has been shown to increase adiponectin mRNA expression in human adipose tissue in vitro (38) . It may be that in the obese and/or diabetic state, other factors that suppress adiponectin expression dominate any potential adiponectininducing effects of metformin.
In summary, our data indicate that 1) innate AHR and 2) increased O 3 -induced neutrophil influx and chemokine expression are observed in obese mice. These obesity-related differences were not attenuated by metformin treatment, despite reductions in fasting blood glucose, suggesting that hyperglycemia is unlikely to account for the pulmonary phenotype of these obese mice.
